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Introduction 54
Following two seminal papers on the effect of predation by planktivorous fish on zooplankton 55 communities (Hrbacek et al. 1961 There is a much smaller body of literature showing the same strong predation effects for 66 piscivorous fish feeding upon fish prey. In some lakes, massive disturbances of predator communities 67 after winter fish kills or by fish stocking or removal have induced correlated, often short-term, 68 changes in prey communities (Benndorf et al. 1984; Mittelbach et al. 1995; Potthoff et al. 2008) . In 69 regional studies, the effect of predation by piscivores on prey fish densities has been compared 70 across several lakes (Nowlin et al. 2006; Mehner 2010; Friederichs et al. 2011) . In one of these 71 analyses, predator and prey densities were positively correlated (Mehner 2010) , whereas in others 72 the expected negative correlations of prey density with predator density were found only for a 73 limited number of small prey species (Nowlin et al. 2006; Friederichs et al. 2011 ). These studies also 74 revealed that lake productivity and morphometry may confound the potential effects of predators on 75 prey, and hence have to be taken into account when analysing correlations between abundances of 76 predator and prey across lakes (Mehner 2010) . Shifts in the size structure of prey fish communities in 77 response to fish predation across lakes have not yet been explicitly demonstrated, although recent 78 likewise be found for piscivorous fish predators in lakes. In contrast to earlier studies with a more 104 regional focus (Bertolo et composition in response to geographical location and environmental temperature (see Brucet et al. 107 2013). Individual fish were classified as piscivores, non-piscivores or piscivore prey, depending on 108 species and size for facultative piscivores (Mittelbach and Persson 1998) . We correlated piscivore 109 with non-piscivore or piscivore prey densities, and expected to find a negative relationship across the 110 lakes. Furthermore, we calculated linear abundance size spectra separately for piscivores non-111 piscivores and piscivore prey communities, thus explicitly searching for patterns in size structure in 112 response to predation that go beyond the analysis of shifts in mean size (Mehner 2010 prey communities across several lakes is not yet available. We expected to find steeper slopes of size 117 spectra of non-piscivores and in particular of piscivore prey fish communities indicating a dominance 118 of smaller fish in lakes where their piscivorous predators were large due to size-selective predation 119 on larger prey (see Blumenshine et al. 2000; Blanchard et al. 2009 ). To account for confounding 120 effects of lake productivity, morphometry and temperature on prey density and size, we included 121 lake depth, lake area, total phosphorus concentration and maximum air temperature as covariates 122 into our analyses. Finally, we tested for geographical effects by splitting the dataset into regional 123 subsets from Northern and Central Europe. 124
125

Methods 126
Sampling 127 Lake fish communities were sampled in about 1800 European lakes between 1990 and 2010, and 128 data have been accumulated into a database within the EU-project WISER (see for details Argillier et 129 al. 2013; Brucet et al. 2013 ). Complete information on fish size, lake productivity and lake 130 morphometry were available only for a subset of these 1800 lakes. We focused on those 356 lakes 131 located in nine European ecoregions (Illies 1978) which are dominated by percid (perch Perca 132 fluviatilis and/or pikeperch Sander lucioperca) or salmonid predators (mainly brown trout, Salmo 133 trutta) (Fig. 1) . For these lakes, we acquired information on lake total phosphorus concentration (TP, 134 mg m -3 , measured as the mean of a minimum of four samples taken in a single year), lake maximum 135 depth (m) and lake area (km²). Maximum air temperature at the geographic location of the lake was 136 calculated from the climate CRU model (New et al. 2002) and was used as an approximation to 137 maximum lake temperature. Earlier calculations have shown that size structure of fish communities 138 is more sensitive to maximum than to average local temperatures (Emmrich et al. 2014 ). An overview 139
about mean values and value ranges for all variables within the 356 lakes is given in the 140
Supplementary Material (Table S1) . 141
Fish in these lakes were caught by stratified multimesh gill-net sampling according to the EU 142 standard for such sampling (CEN 2015) . Each lake was divided into depth strata, and each stratum 143 was randomly sampled by a pre-defined number of benthic gill-nets (type NORDEN: length 30 m; 144 height 1.5 m; 12 panels of 2.5 m each with mesh sizes (knot to knot) of 5, 6.25, 8, 10, 12.5, 15.5, 19.5, 145 24, 29, 35, 43 and 55 mm), depending on lake area and maximum depth (Appelberg 2000; CEN 2015) . 146
Deep lakes (maximum depth >6 m) were additionally sampled with a row of pelagic nets [similar type 147 as the benthic ones, but of 3 m height and 27.5 m length (5 mm mesh panel missing)] placed over the 148 deepest location in each lake. The number of pelagic nets was defined by the maximum lake depth 149 (i.e., number of nets = depth divided by the 3 m height of the pelagic nets) such that the pelagic net 150 row fished the entire water column in deep lakes. All sampling was conducted during late summer to 151 early autumn periods (CEN 2015) . Catch was expressed as lake-specific number per unit effort (NPUE, 152 fish net -1 night -1 ), averaged from all nets set per lake (but pelagic nets of 3 m height counted as two 153 nets because the net area was about twice as large as the one of benthic nets), and hence this NPUE 154 reflects primarily the catch in the benthic gill-nets (for an overview on numbers of nets set per lake, 155 see Supplementary Material Table S1 ). 156
In predator fish, ontogenetic diet shifts are common and piscivory is the dominant feeding 157 strategy only beyond a certain fish size. Therefore, all individuals >2 5 =32 g (roughly equivalent to 15 158 cm total length) of pike Esox lucius, pikeperch, catfish Silurus glanis, asp Aspius aspius, burbot Lota 159 lota, perch, brown trout, rainbow trout Oncorhynchus mykiss, Arctic charr Salvelinus alpinus, lake 160 trout Salvelinus namaycush and largemouth bass Micropterus salmoides were classified as piscivores. 161
All other 45 species were classified as non-piscivores, and were considered potential prey of the 162 piscivores. However, to account for the potentially underestimated proportion of small-sized fish in 163 gill-net catches and to prevent the inclusion of all non-piscivores that were definitely too large to be 164 fed upon by piscivores, we defined the narrow-sized group of piscivore prey (i.e., suitably sized prey 165 for the piscivores) which included the sum of all young piscivores in the size range >8 g to ≤32 g and 166 all non-piscivores in the size range >8 g to ≤128 g. This group hence reflects all fish in the size range 167 between 8 g and 128 g except piscivores >32 g. 168
169
Evaluating the effect of piscivore density on non-piscivore and piscivore prey densities 170
We visualized the frequency distributions of NPUEpiscivores, NPUEnon-piscivores and 171
NPUEpiscivore-prey across the lakes by histograms, compared the NPUE between piscivores, non-172 piscivores and piscivore prey across all lakes by Wilcoxon rank sum tests, and calculated Spearman's 173 rank correlation coefficient r S between either log 10 NPUEpiscivores and log 10 NPUEnon-piscivores, or 174 between log 10 NPUEpiscivores and log 10 NPUEpiscivore-prey to document the raw correspondence 175 between predator and prey densities. Non-parametric tests were appropriate because of non-normal 176 distribution and heteroscedasticity in the total, untransformed dataset.
Non-piscivore fish were found in 332 lakes only. The remaining 24 lakes contained only 178 piscivorous species. To evaluate the effects of piscivore density (NPUEpisivores) on non-piscivore 179 density (NPUEnon-piscivores) in these 332 lakes while accounting for the confounding effects of lake 180 morphometry, productivity and temperature, we calculated linear models with log 10 NPUEnon-181 piscivores as the dependent variable and log 10 NPUEpiscivores, log 10 lake area, log 10 lake depth, log 10 182 TP and maximum air temperature as independent variables. We did not consider interactions 183 between the continuous predictor variables. We sought for the most parsimonious linear model by 184 backwards elimination of the predictor with lowest significance from the initially full model, thus 185 stepwisely declining the Akaike Information Criterion (AIC) of the models. Accordingly, the final 186 model was the one with the lowest AIC (Faraway 2005 ). In addition, we compared the two models 187 with lowest AIC by ANOVA to decide whether to retain the respective predictor. We checked residual 188 plots of the final model for deviations from normality and homoskedasticity, and calculated variance 189 inflation factors (VIF) to detect potential collinearity between predictor variables. To compare the 190 relative strength of the significant predictors, we additionally calculated their standardized (beta) 191 coefficients. In a similar way, we calculated linear models with log 10 NPUEpiscivore-prey (n=354 192 lakes) as the dependent variable and log 10 NPUEpiscivores, log 10 lake area, log 10 lake depth, log 10 TP 193 and maximum air temperature as independent variables. 194
195
Evaluating the effect of predator size on prey size 196
To evaluate the effect of piscivore size structure on non-piscivore and piscivore-prey size 197 structure, we accumulated information on the size of fish. All fish caught were individually measured 198 (rounded to cm total length, TL) and directly weighed (g wet mass, wm) in most cases. For several 199 lakes, wm was calculated from TL by regional species-specific regressions. The multimesh gill-nets 200 used underestimate the proportion of fish smaller than 4-6 cm TL (Prchalova et al. 2009 numbers by size across all lakes, but weighted by the number of fish caught per lake. Accordingly, 210 these plots are biased towards the size structure of those lakes which contributed most fish to the 211 overall number. To check for regional differences in the cumulative size spectra, we split the total 212 lake dataset into two geographical subsets (Northern Europe with n=193 lakes from Norway and 213
Sweden; Central Europe with n=163 lakes primarily from Germany and France, accompanied by a few 214 lakes from U.K., Ireland, Northern Italy, Estonia and Slovenia), and compared the slopes of the 215 regional size spectra (see below) by ANCOVA. 216
Linear abundance size spectra (SS) as obtained by logarithmic binning (Kerr and Dickie 2001) were 217 calculated as linear least-square regressions between log 2 numbers accumulated per size class and 218 log 2 midpoint of size classes (g). The slopes of SS indicate the rate of decrease in numbers with 219 increasing body size, a parameter that may be sensitive to size-selective predation of piscivores. In 220 some of the lakes, a few size classes did not contain fish, and these empty size classes were excluded 221 from linear regressions (White et al. 2008 ). Furthermore, in some lakes, fish covered only one or two 222 size classes, and hence SS could not be calculated. Ultimately, separate slopes for piscivores, non-223 piscivores and piscivore prey fish communities were calculated for 353, 317 and 317 lakes, 224 respectively. We visualized the frequency distributions of piscivore, non-piscivore and piscivore-prey 225 SS slopes by histograms, compared the SS slopes between piscivores and non-piscivores or between 226 piscivores and piscivore prey across all lakes by Wilcoxon rank sum tests, and calculated the 227 Spearman's rank correlation coefficient r S between piscivore SS slopes and non-piscivore or piscivore-228 prey SS slopes to document the raw correspondence between predator and prey size spectra. 229
To evaluate more precisely the effect of predator size distributions on prey size distributions, we 230 calculated linear models with non-piscivore SS slopes as the dependent variable, and piscivore SS 231 slopes as the independent variable. To consider potential density effects on non-piscivore slopes, 232 log 10 NPUEnon-piscivores was added to the set of predictor variables. We further added log 10 lake 233 area, log 10 lake depth, log 10 TP and maximum air temperature as potentially confounding variables. 234
The most parsimonious model was found according to minimized AIC and ANOVA as described 235 above. Similarly, we calculated linear models with piscivore-prey SS slopes as the dependent variable, 236
and piscivore SS slopes as the independent variable, and added log 10 NPUEpiscivore-prey, log 10 lake 237 area, log 10 lake depth, log 10 TP and maximum air temperature as predictors. 238
The SS of fish communities were non-linear in some lakes (Emmrich et al. 2014 ). Therefore, we 239 created a lake subset by including only significant (P<0.05) and informative (R²>0.5) SS slopes for 240 piscivores (185 lakes) and non-piscivores (137 lakes). For piscivore prey (123 lakes), we applied a less 241 strict significance threshold (P<0.10) because these SS regressions were based on four value pairs 242 only. Significant and informative SS for both piscivores and non-piscivores in the same lake were 243 found in 76 lakes. Similarly, significant and informative SS for both piscivores and piscivore prey in 244 the same lake were found in 76 lakes. For these subsets, we repeated the visualization and all 245 calculations as described above, to evaluate whether the size structure of piscivores had a correlative 246 effect on the size structure of non-piscivores of piscivore-prey fish. 247
With the subsets with significant and informative SS slopes, we conducted two additional 248
analyses. First, we split the lakes into Northern or Central European origin (see above) and re-249 calculated the linear models with SS slope of non-piscivores or piscivore prey as the dependent 250 variable separately for both geographical subsets. Second, we reversed the analyses and tested 251 whether the SS slopes of non-piscivores or piscivore prey (independent variables) had an effect on SSslopes of piscivores (dependent variable). We included log 10 NPUEpiscivores as predictor, and log 10 253 lake area, log 10 lake depth, log 10 TP and maximum air temperature as covariates. 254
255
Potential bias of gill-net catches for fish density and size estimates 256
All analyses were based on standardized catches by multi-mesh gill nets, and gill-net catches can 257 be biased with respect to abundance estimates and size distributions (Prchalova et However, this uncertainty for fish >4 kg may have had no substantial effect on the estimates of total 273 piscivore abundances or piscivore SS slopes. Overall, the SS slopes of piscivores and non-piscivores 274 were determined by the numbers of fish in up to 11 (usually 5-7) size classes in our dataset (compare 275 abundance and size spectra (Jennings and Blanchard 2004) . We tested for a potential bias of our 283 analyses induced by fisheries intensity within the total dataset of 356 lakes by comparing NPUE and 284 SS slopes of piscivores, non-piscivores and piscivore prey between 47 lakes with reported high 285 fisheries intensity (categorized according to local expert opinion), and 112 lakes with no or very low 286 fisheries intensity. For the remaining lakes, no information was available, or fisheries intensity was 287 considered intermediate. We ran linear models with fisheries (low or high) as the main categorical 288 factor, and lake area, lake depth, TP concentration and maximum air temperature as covariates. We 289 further included all two-way interactions between fisheries intensity and the four covariates. 290
Fisheries intensity had no effect on NPUEpiscivores (P=0.20). However, NPUEnon-piscivores 291 (P=0.042) and NPUEpiscivore-prey (P=0.012) were slightly higher in lakes with high fisheries intensity 292 indicating that more non-piscivore and prey fish are found in lakes with stronger fisheries. However, 293 the SS slopes of piscivores (P=0.89), non-piscivores (P=0.21) and piscivore prey (P=0.22) did not differ 294 between the low and high fisheries lakes. We conclude that fisheries intensity is likely to have had 295 only marginal effects on the validity of our analyses which focused on the effects of predator on prey 296 fish. 297
All statistical calculations were performed in R 3.1.2 (R Development Core Team 2014). 298 299
Results
300
In total, n=39,066 piscivore predators were caught in the 356 lakes, and the median standardized 301 NPUE of piscivores was 3.5 fish net -1 night -1 (Supplementary Material Table S1 ). In the majority of 302 lakes, NPUE of piscivores ranged between 1 and 10 fish net -1 night -1 (Fig. 2a) , but the maximum 303 piscivore NPUE was 26 fish net -1 night -1 . A total of n=163,562 non-piscivore fish was caught in 332 304 lakes (the remaining lakes had fish communities exclusively composed of juvenile and adult 305 piscivores). The median NPUE of non-piscivores was 11.4 fish net -1 night -1 , and non-piscivore NPUE 306 was significantly higher than piscivore NPUE in these lakes (Wilcoxon rank sum test, W=94,828, 307 P<0.0001). In the majority of the lakes, NPUE of non-piscivores ranged between 1 and 50 fish net Table S1 ). There was a weak negative correlation 310 between the log 10 -transformed piscivore and non-piscivore NPUEs across the 332 lakes ( Fig. 2d ; 311
Spearman's r S =-0.113, P=0.039). A total of n=188,868 piscivore prey fish was caught in 354 lakes, with 312 a median NPUE of piscivore prey of 15.5 fish net -1 night -1 (Fig. 2c ) which was higher than the median 313 piscivore NPUE in all lakes (Wilcoxon rank sum test, W=108,705, P<0.0001). There was no correlation 314 between the log 10 -transformed NPUE of piscivore and NPUE of piscivore prey across the 354 lakes 315 ( The best linear model for the 332 lakes with log 10 NPUEnon-piscivores as the dependent variable 317 contained log 10 TP, log 10 maximum lake depth, log 10 lake area, maximum air temperature and log 10 318
NPUEpiscivores as significant predictor variables (AIC=-504.9). The next best model (AIC=-503.4) 319 excluded log 10 NPUEpiscivores, but this model was not significantly different from the model 320 including NPUEpiscivores (ANOVA, P=0.49), and hence we excluded NPUEpiscivores as predictor 321 (Table 1 , adj.R²=0.47, F 4,327 =73.7, P<0.0001). All variance inflation factors were <1.5 (Table 1) . Positive 322 relationships to NPUEnon-piscivores were found for TP, temperature and lake area, whereas 323
NPUEnon-piscivores declined with lake depth (Table 1) . According to beta coefficients, air 324 temperature was the strongest predictor, whereas the effect of lake area was the weakest (Table 1) . 325
The most parsimonious linear model for the 354 lakes with log 10 NPUEpiscivore-prey as thedependent variable variable contained log 10 TP, log 10 maximum lake depth, log 10 lake area, maximum 327 air temperature and log 10 NPUEpiscivores as significant predictor variables (Table 1, (Table 1) . In contrast to our expectations, 331 the NPUEpiscivores was positively related to NPUEpiscivore-prey. Positive relationships to 332
NPUEpiscivore-prey were likewise found for TP, temperature and lake area, whereas NPUEpiscivore-333 prey declined with lake depth (Table 1 ). According to beta coefficients, air temperature was the 334 strongest predictor, whereas the effects of TP and NPUEpiscivores were the weakest (Table 1) . 335
The piscivore sizes ranged between the lower threshold size of 32 g (several species) and the 336 maximum of 11,124 g (a pike). The size of non-piscivores ranged between 1 g (several species) and 337 20,000 g (a bighead carp, Hypophthalmichthys nobilis). The size of piscivore prey was defined 338 according to our thresholds between 9 g and 128 g. and piscivore prey (Wummsee, Fig. 3b ), or steep piscivore but shallow non-piscivore and piscivore-350 prey SS slopes (Fleesensee, Fig. 3c) . Overall, the slopes of the SS of piscivores in the 353 lakes for 351 which SS could be calculated ranged between -2.93 and 0.50 (median= -0.828, SupplementaryMaterial Table S1 ), but the slopes were between -0.50 and -1.00 in about half of the lakes (Fig. 4a) . 353
The slopes of the SS of non-piscivores in the 317 lakes for which SS could be calculated ranged 354 between -2.64 and 1.04 (median=-0.614, Fig. 4b ; Supplementary Material Table S1 ), and non-355 piscivore SS slopes were shallower than piscivore SS slopes (Wilcoxon rank sum test, W=65,055, 356 P<0.0001). There was a slightly negative correlation between piscivore and non-piscivore SS slopes 357 across the 315 lakes for which SS could be calculated for both fish groups ( Fig. 4c; Spearman's  358 r S =-0.118, P=0.036). The slopes of the SS of piscivore prey in the 317 lakes for which SS could be 359 calculated ranged between -3.33 and 1.36 (median=-0.883, Fig. 4e ; Supplementary Material Table  360 S1), and piscivore-prey SS slopes did not differ from piscivore SS slopes (Wilcoxon rank sum test, 361 W=46,694, P=0.23). There was no correlation between piscivore SS slopes and piscivore-prey SS 362 slopes across the 314 lakes for which size spectra could be calculated for both fish groups ( Fig. 4f;  363 Spearman's r S =-0.016, P=0.77). 364
We excluded two lakes with outlier SS slopes of piscivores or non-piscivores (Fig. 4c) to reduce 365 heteroskedasticity and one lake for which no information on maximum depth was available .The best 366 linear model for the remaining 312 lakes with non-piscivore SS slope as the dependent variable 367 contained piscivore SS slopes, maximum temperature, log 10 TP, log 10 lake area and log 10 NPUEnon-368 piscivores as significant predictor variables (AIC=-615.7). However, the next best model (AIC=-613.8) 369
excluded maximum temperature, and this model was not significantly different to the one including 370 temperature (ANOVA, P=0.076). Therefore, we excluded maximum temperature from the final model 371 (Table 2 , adj.R²=0.35, F 4,307 =41.4, P<0.0001). According to beta coefficients, the negative effect of the 372 piscivore SS slopes on non-piscivore SS slopes was the weakest among the significant predictors, 373 whereas NPUEnon-piscivores was the strongest predictor (Table 2) . 374
We excluded two lakes with outlier SS slopes of piscivores or piscivore prey (Fig. 4f) to reduce 375 heteroskedasticity.The best linear model for the remaining 312 lakes with SS slopes of piscivore prey 376 as the dependent variable contained log 10 maximum depth, log 10 TP and log 10 NPUEpiscivore-prey as 377 significant predictor variables (AIC=-284.0). However, the next best model (AIC=-283.5) excludedmaximum depth, and this model was not significantly different to the one including depth (ANOVA, 379 P=0.15). Therefore, we excluded maximum depth from the final model (Table 2 , adj.R²=0.10, 380 F 2,309 =19.0, P<0.0001). According to beta coefficients, NPUEpiscivore-prey was the strongest 381 predictor of SS slopes of piscivore prey (Table 2) . 382
By considering only significant (P<0.05) and informative (R²>0.5) SS slopes, the range of SS slopes 383 for piscivores in the remaining 185 lakes became narrower than that calculated from all lakes 384 (median =-1.01), but the majority of slopes was still found between -0.50 and -1.0 (Fig. 4g) . The range 385 of significant and informative non-piscivore SS slopes in 137 lakes became likewise narrower (median 386 =-0.843, Fig. 4h ), but non-piscivore SS slopes still were significantly shallower than piscivore SS slopes 387 (Wilcoxon rank sum test, W=16,457, P<0.0001). There was no significant correlation between 388 piscivore and non-piscivore SS slopes in the 76 lakes for which significant and informative SS could be 389 calculated ( Fig. 4i ; Spearman's r S =-0.102, P=0.39). The median of significant (P<0.1) and informative 390 (R²>0.5) SS slopes of piscivore prey in 123 lakes was steeper than the one in all lakes (median 391 =-1.184, Fig. 4k) , and SS slopes of piscivore prey were significantly steeper than piscivore SS slopes 392 (Wilcoxon rank sum test, W=9,072, P=0.003). There was no significant correlation between SS slopes 393 of piscivores and SS slopes of piscivore prey in the 76 lakes for which significant and informative SS 394 could be calculated ( Fig. 4l ; Spearman's r S =0.063, P=0.56). 395
The best linear model for the 76 lakes with significant SS slopes of non-piscivores as the 396 dependent variable contained SS slopes of piscivores, maximum temperature and log 10 NPUEnon-397 piscivores as significant predictor variables (AIC=-247.5). However, the next best model (AIC=-247.0) 398 excluded SS slopes of piscivores, and this model was not significantly different to the one including 399 piscivore slopes (ANOVA, P=0.23). Therefore, we excluded SS slopes of piscivores from the final 400 model (Table 2, adj.R²=0.36, F 2,73 =21.9, P<0.0001). The negative effect of NPUEnon-piscivores on SS 401 slopes of non-piscivores was stronger than the positive effect of temperature on SS slopes (Table 2) . 402
Similarly, the most parsimonious model for significant SS slopes of piscivore prey in 76 lakes 403 contained only maximum temperature and NPUEpiscivore-prey as significant predictors ( When the lake dataset with significant and informative SS slopes was split into regional subsets, 407 the linear models revealed that the NPUE of non-piscivores or piscivore prey were the strongest 408 predictors for SS slopes on non-piscivores or piscivore prey, respectively, in particular for the region 409
Central Europe (Table S2 , Supplementary Material). A negative effect of piscivore SS slopes on non-410 piscivore or piscivore-prey SS slopes could not be found in these geographical subsets. 411
In the reversed analyses, we calculated the most parsimonious linear model with SS slopes of 412 piscivores as the dependent variable, and TP, lake area, lake depth, maximum temperature, SS slope 413 of non-piscivores or piscivore prey, and NPUEpiscivores as predictors. In both linear models, all lake 414 descriptors and SS slopes of non-piscivores or piscivore prey were excluded, and NPUEpiscivores was 415 The correspondence between the density and size of piscivorous fish and the density and size of 422 non-piscivores or piscivore prey fish produced by our calculations was in part unexpected. Piscivore 423 density correlated positively with piscivore prey density. Piscivore SS slopes did not predict the non-424 piscivore and piscivore-prey SS slopes in the linear models in any of the subsets including only 425 significant slopes. In contrast, the SS slopes of piscivores, non-piscivores and piscivore prey were 426 strongly negatively correlated with NPUE of the respective groups in all datasets, suggesting that the 427 size structure of fish in lakes is primarily density-dependent. between piscivore densities and piscivore prey densities found in our data suggests that the 439 enhanced resource availability translates even into tertiary consumers. A similar positive correlation 440 between predator and prey fish densities has already been found in a subset of about 60 German 441 lakes (Mehner 2010 ). The correspondence between resource availability and fish density is further 442 modified by lake morphometry. Polymictic shallow, large and warm lakes facilitate a stronger 443 response of fish density to productivity than observed in stratified lakes with a cool hypolimnetic 444 area (Brucet et al. 2013 ). In polymictic lakes, TP concentrations are translated into higher primary 445 productivity than in stratified lakes at comparable TP concentrations, attributable to the interaction 446 between frequent mixing and hence continuous nutrient availability for phytoplankton, and the 447 higher average temperatures (Jeppesen et al. 1997) . 448
The overall positive correlation between piscivore density and piscivore-prey density contrasts 449 with the findings of lake-specific studies in which massive interventions for piscivorous fish 450 communities changed the equilibrium between predator and prey. which age and size at maturity and investment into reproduction are adjusted to the local conditions. 485
It can be expected for fish that live in environments characterized by steep size spectra (i.e., low 486 average size of food resources) and low overall resource abundance such that growth is limited by 487 high foraging activity (Giacomini et al. 2013) . 488
The median SS slopes of piscivores, non-piscivores and piscivore prey were relatively similar, and 489 the majority of the slopes ranged between -0.5 and -1.0, in particular in the subsets with significant 490 SS slopes. However, SS slopes of piscivores were unrelated to SS slopes of non-piscivores or piscivore 491 prey. Obviously, the correspondence between size distributions of piscivores and piscivore prey is 492 much weaker than the strong negative effect of planktivorous fish predators on zooplankton size 493 (Brooks and Dodson 1965) . The decisive difference to the fish-zooplankton interaction is the very 494 similar and largely overlapping size range of piscivores and non-piscivores. We found both piscivores 495 and non-piscivores between 1 g and >10 kg in the catches. This feature characterizes size-structured 496 populations in which adult fish have to recruit through much smaller juvenile stages during which 497 juvenile piscivores can be competitors of piscivore prey fish (Werner and Gilliam 1984) . In contrast, 498 there is almost no size overlap between the largest zooplankton (about 5 mm) and the smallest 499 zooplanktivorous fish (fish larvae of about 5-6 mm) and predator-to-prey length ratio (PPLR) in 500 interactions between adult fish and zooplankton is in most cases >100 which translates into a 501 predator-to-prey mass ratio (PPMR) of at least 100³=1,000,000. In contrast, the PPLR of piscivore fish 502 in temperate European lakes is only around 4 to 5 ( Based on this low PPMR, the range of piscivore-prey sizes still available to the piscivorous 506 predators is surprisingly small. An upper threshold for vulnerable size classes of prey fish can beestimated at about 100 g because piscivores capable of feeding on 100 g prey have to be 64 to 125 508 times heavier, i.e. their mass would exceed 6400 g. Piscivores of this size are rare in the lake fish 509 communities analysed here (only 14 of the 39,066 piscivores were in the size classes >4096 g). In 510 turn, prey fish bigger than about 100 g may reach a size refuge (Hambright 1994; Wysujack and 511 Mehner 2005) . According to the cumulative data from all 356 lakes in our dataset, size classes >128 g 512 represent about 4.9% of all non-piscivore individuals, a proportion big enough to facilitate continued 513 reproduction (Meijer et al. 1994 ). In addition, the largest female fish also have the highest absolute 514 fecundity. Therefore, the size refuge may explain why there was no negative effect of piscivore 515 densities on non-piscivore densities. However, we have also tested for a stronger negative effect of 516 predation on structure of the most vulnerable prey sizes by limiting the size range of piscivore prey 517 to between 8 and 128 g. This narrow size range of prey prevented inclusion of potentially 518 underestimated small sizes and also prevented the inclusion of all non-piscivores that were definitely 519 too large to be fed upon by piscivores. Accordingly, a negative correlation between SS slopes of 520 piscivores and these four size classes of piscivore prey would have been expected if gape-size 521 limitation is the single explanation for low predation effects on the size structure of the prey fish 522 community. However, even by having these few prey size classes included, there was no response of 523 piscivore-prey size structure to the piscivore size structure. These results suggest that the SS slopes 524 of non-piscivore fish communities are relatively stable and independent of predation, and may 525 reflect an emergent characteristics of the ecosystem (Sprules 2008; Yurista et al. 2014) . This is 526
confirmed by the fact that we found systematically steeper slopes at the higher fish densities which 527 occur in more productive lakes, suggesting that there is a correspondence between fish density, 528 ecosystem productivity and fish size structure. 529
The lack of significant slopes in many lakes indicates that linear SS may not be an ideal approach 530 for characterizing the size structure of fish communities. Only in about half of all lakes we obtained 531 significant and informative SS slopes by logarithmic binning and least-square estimation. Continuous 532 approaches such as the fit by maximum likelihood of a Pareto I cumulative distribution function are 533 recommended (White et al. 2008 ), but are likewise inappropriate if the log-log relationship between 534 numbers and size is not linear (Emmrich et al. 2011; Emmrich et al. 2014 ). The cumulative size 535 spectra shown here likewise indicated a tendency towards a non-linear log-log size-density 536 relationship. Our own tests showed that Bayesian minimum mean square error estimations of Pareto 537 II functions result in somehow improved fits of the size distributions, probably because Pareto II 538 models approximate to non-linear log-log relationships between numbers and size (results not 539 shown). However, the resulting Pareto II function has two or even three parameters which are 540 strongly correlated to each other. Accordingly, the ecological interpretation of the form of Pareto II 541 curves is not straightforward (Vidondo et al. 1997) , and a meaningful conclusion with respect to the 542 effect of predator size on prey size could not be drawn. Accordingly, we had to base our conclusions 543 primarily on the relationship between SS of piscivores and non-piscivores or piscivore prey for the 544 subsets of lakes with significant SS slopes. 545
In summary, our analyses did not find evidence for predation effects of piscivorous fish on prey 546 fish communities in European lakes which mimic the strong effects of planktivorous and 547 benthivorous fish predators on size and density of their invertebrate prey groups. Size ranges were 548 remarkably similar between piscivores and non-piscivore fish across all lakes included in the analyses, 549 and hence there was no negative effect of piscivore density or size on non-piscivore or piscivore prey 550 numbers and size structure. As a consequence of this lack of density control by predation, the density 551 and size structure of non-piscivore fish communities were substantially predicted by variables related 552 directly to temperature, resource availability and the correlated system size (see Chase 2003) , 553
indicating that the intensity of intra-and interspecific competition strongly modifies composition and 554 size variability of fish communities in lakes. 
